Despite advances and refinements in surgery and perioperative chemotherapy, there are still unmet medical needs with respect to radical cystectomy for muscle-invasive bladder cancer (MIBC). We investigated the potential benefit of supplementary granulocyte macrophage colony-stimulating factor (GM-CSF) to chemoimmunotherapy with programmed cell death protein-1 (PD-1)/programmed death-ligand 1 (PD-L1) axis blockade and standard neoadjuvant chemotherapy in bladder cancer. We inoculated 2 × 10 5 MBT2 cells s.c. in C3H mice to create a syngeneic animal model of local recurrence (LR). When the tumor diameter reached 12 mm, the mice were allocated randomly as follows: (i) non-treated control (vehicle only); (ii) anti-mPD-L1 monotherapy; (iii) mGM-CSF monotherapy; (iv) anti-mPD-L1 plus mGM-CSF; (v) gemcitabine and cisplatin (GC); (vi) GC plus anti-mPD-L1; (vii) GC plus mGM-CSF; and (viii) GC plus anti-mPD-L1 plus mGM-CSF. After completing 2-week neoadjuvant therapy, tumors were resected for resection margin evaluation and immunohistochemical staining and blood was collected for flow cytometry and ELISA. Operative wounds were sutured, and the operative site was monitored to detect LR. Addition of anti-mPD-L1 and mGM-CSF to neoadjuvant GC chemotherapy enhanced the antitumor effect and reduced positive resection margins (50% vs 12.5%). Combination of GC, anti-mPD-L1, and mGM-CSF resulted in longer LR-free survival and cancer-specific survival compared to those in other groups. These effects involved an immunotherapy-related
| INTRODUC TI ON
Despite recent advances and refinements in surgical devices and skill and perioperative systemic chemotherapy, there are still unmet medical needs with respect to RC for MIBC. As a result of three randomized control trials (SWOG 8710, BA06 30894, and JCOG0209), platinum-based NAC is currently recommended to improve the outcome of patients with MIBC undergoing RC with a LND. [1] [2] [3] Specifically, the 5-year survival of extravesical disease (pT3-4) and locoregional node-positive disease is 22%-57% and 22%-35%, respectively. 4, 5 Given that surgical factors such as surgical margin and the number of removed lymph nodes influence post-RC outcomes after cystectomy, 4 LR is largely attributed to unrecognized and untreated perivesical lesions present at the time of RC.
Local recurrence after RC has lethal potential and causes various symptoms including pain and hemorrhage. Many attempts have been made for the management of LR, including the development of risk stratification models, 6 NAC, [1] [2] [3] 7 and adjuvant radiotherapy. 8, 9 Based on recent evidence that the addition of ICI to standard chemotherapy can result in significantly improved outcomes in treatment-naive metastatic non-small cell lung cancer, 10 some phase II trials are ongoing to investigate the potential clinical benefits of GC chemotherapy combined with ICI for MIBC, such as NCT03294304 (nivolumab) and NCT02989584 (atezolizumab).
Granulocyte-macrophage colony-stimulating factor was originally identified in 1985 and was the first molecularly cloned human myeloid hematopoietic growth factor. 11 In recent decades, in vitro and in vivo studies using murine and synthetic recombinant human GM-CSF have demonstrated that it can enhance several biological effects during the maturation of effector immune cells involved in cell-mediated immunity, including neutrophils, monocytes, macrophages, and dendritic cells. 11 GM-CSF monotherapy or that combined with other chemotherapy and immunotherapy has thus been studied as an immune modulator in several clinical studies of localized, advanced, or treatment-refractory prostate cancer, malignant melanoma, and neuroblastoma. [12] [13] [14] [15] [16] [17] Although it is suggested that the clinical benefit of GM-CSF is mediated by enhanced antitumor immunity, its effect on BCa remains unclear.
Previous studies have shown that MDSC circulate in the blood and are recruited in lymph nodes and tumor sites during neoplastic progression and inflammation, based on their immune-suppressive activity. 18, 19 A recent paper suggested that peripheral blood and tissue MDSC levels are correlated with the pathological response to NAC in patients with BCa undergoing RC. 20 Although G-CSF was reported to be a key modulator and inducer of MDSC, 19 the precise associated mechanism remains unclear.
In the present study, we show that neoadjuvant chemoimmunotherapy with GC, PD-1/PD-L1 axis blockade, and GM-CSF stimulation can improve the cure rate after tumor resection. Using a molecular approach, we also characterized the associated systemic and tissue-specific immunological modulation using a syngeneic subcutaneous mouse model of BCa.
| MATERIAL S AND ME THODS

| Patients treated with radical cystectomy and pathological assessment
The study was approved by the Ethics Committee of Nara Medical University (NMU-1966), and all participants provided informed consent for the study. Only patients diagnosed pathologically with UC were included in the analysis. We evaluated data from patients undergoing curative RC between January 2000 and December 2017.
Clinical stage was evaluated according to the 2010 American Joint
Committee on Cancer (AJCC) TNM staging system. With regard to the RC procedure, limited sections of the ureter and urethra (when ileal conduit or uretero-cutaneostomy was used as the urinary diversion) accompanied by pelvic LND were carried out in all patients. All H&E-stained specimens obtained from the RC were reassessed by an experienced uropathologist (T.F.). Pathologists considered RM to be positive when a urothelial carcinoma lesion was detected at the limits. Postoperative follow up was carried out in accordance with our institutional protocol. 21 Local recurrence was defined according to previous reports 6, 9 based on imaging evidence (computed tomography or magnetic resonance imaging) of recurrence in the intrapelvic soft tissues or lymph nodes below the aortic bifurcation before or within 3 months of the detection of DM. Recurrent lesions above the aortic bifurcation or within inguinal nodes were classified as DM. Patients with LR decrease in oncological properties such as tumor invasion capacity and epithelialmesenchymal transition. mGM-CSF significantly decreased the accumulation of myeloid-derived suppressor cells in both the blood and tumor microenvironment and blood interleukin-6 levels. Supplementary GM-CSF to neoadjuvant GC plus PD-L1 blockade could decrease LR after radical surgery by immune modulation in the blood and tumor microenvironment.
K E Y W O R D S
bladder neoplasm, colony-stimulating factor, local recurrence, neoadjuvant chemoimmunotherapy, radical cystectomy and DM within the same 3-month interval were defined as synchronous relapse. Two human BCa cell lines, UM-UC-3 and T24, and one murine BCa cell line, MBT2, 22 were purchased from the ATCC and JCRB Cell Bank, respectively, and used within 6 months after receipt or resuscitation.
| Cell lines and reagents
Gemcitabine and cisplatin (Tokyo Chemical Industry) were dissolved in sterile water and N,N-dimethylformamide (Nacalai Tesque), respectively. Recombinant mouse GM-CSF (Wako Pure Chemical) was dissolved in sterile water. Anti-mouse PD-L1 neutralizing antibody clone 10F.9G2 (anti-mPD-L1) was purchased from BioXCell. Murine recombinant IFN-γ was purchased from PeproTech, Inc.
| Western blotting
Western blotting was carried out as previously described. 23 The primary antibody for PD-L1 detection is described in Table S1 . Mouse recombinant PD-L1 protein (Novoprotein) and T24 cell lysates were used as positive controls.
| Local recurrence model based on syngeneic mouse subcutaneous tumors
We previously proposed an easy and simple animal model to induce post-surgical LR using MBT2 bladder cancer cells and C3H mice (Oriental BioService). 24 The animal experiments were carried out in compliance with institutional guidelines and regulations after approval from the Committee on Animal Research at Nara Medical University (reference number: 12373). The left flank area of chloral hydrate-anesthetized mice was shaved, followed by s.c. inoculation of 2 × 10 5 MBT2 cells/100 μL in growth factor-reduced Matrigel (BD Biosciences).
When the tumor diameter reached 12 mm, the mice were randomly allocated into eight groups as follows: (i) untreated control (vehicle only);
(ii) anti-mPD-L1 monotherapy at a dose of 10 mg/kg; (iii) mGM-CSF monotherapy at a dose of 5 μg/kg; (iv) anti-mPD-L1 plus mGM-CSF; (v) gemcitabine and cisplatin (GC; 120 mg/kg and 10 mg/kg, respectively);
(vi) GC plus anti-mPD-L1; (vii) GC plus mGM-CSF; and (viii) GC plus anti-mPD-L1 plus mGM-CSF. At least eight mice were included in each treatment group. Gemcitabine, cisplatin, and anti-mPD-L1 were given by i.p. injection and mGM-CSF was given by s.c. injection. Duration of neoadjuvant treatment before tumor resection was 2 weeks. Tumor size was measured once per week with electronic calipers, and the total size was calculated using the following formula: {(long diameter) 2 × short diameter}/2 (mm 3 ).
After the completion of 2-week neoadjuvant therapy, s.c. tumors were removed and operative wounds were sutured with metal clips (Natsume Seisakusho). Appropriate anesthesia and surgery was carried out by two researchers (M.M. and T.S.). The procedure is available in Figure S1 . Tumors were examined based on H&E-stained sections to evaluate RM. Simultaneously, mouse blood was collected for the following FCM analysis and ELISA. After resection of the tumors, the operative site was monitored at least three times per week to detect LR by one researcher (S.H.), who was blinded to the treatment regimens.
Any visible and palpable tumor around the operative site was considered LR. When tumor ulceration, cachexia, or any clinical sign was observed in mice harboring recurrent tumors during monitoring, the mouse was humanely killed and recorded as cancer-associated death. 25 
| Immunohistochemistry staining of resected tumors
Immunohistochemistry staining using paraffin-embedded, formalin-fixed mouse tissues was carried out as previously described. 23 Antibodies and staining conditions are available in Table S1 .
Antibodies included those specific for cleaved casepase-3, MMP-2, E-cadherin, N-cadherin, vimentin, COL13, PD-L1, PD-1, CD68, and CD204. Number of cleaved caspase-3-positive cells was counted to determine the apoptotic index (% of total enumerated cancer cells).
To quantify the expression level of MMP-2, E-cadherin, N-cadherin, vimentin, COL13, and PD-L1 in cancer tissues, and immunoreactive cancer cells were counted based on at least five independent high-power microscopic fields (HPF; 400×, 0.0625 μm 2 ), and the number of positive cells was divided by the total number of cancer cells (1%-100%). PD-1-, CD68-, and CD204-positive round cells in the cancerous area were counted based on at least five independent HPF. 21 Two investigators (T.O. and Y.I.) carried out the evaluations without knowledge of the treatment regimens.
| Dual immunofluorescence staining of MDSC in resected tumors
In tumor-bearing mice, MDSC consisted of two major subsets, namely Ly6G − Ly6C high monocytic MDSC and Ly6G + Ly6C low granulocytic MDSC. 26 Dual immunofluorescence staining was done with antibodies specific to Ly-6c and Ly-6 g (Table S1 ) for resected tumors.
Tumors were embedded immediately in Tissue-Tek OCT Compound (Sakura Fine Technical, Tokyo, Japan) to generate 6-μm-thick cryosections on glass slides. Sections were fixed in methanol at 4°C for 10 minutes, which was followed by blocking and permeabilization in 1% BSA/0.3% Triton X-100 for 1 hour. The sections were then incubated with anti-Ly-6c and Ly-6g antibodies (dilution 1:50 for both) at 
| Flow cytometric analysis of MBT2 cells and blood MDSC
MBT2 cells were treated with IFN-γ (10 ng/mL), 100 nmol/L gemcitabine, 5 μmol/L cisplatin, or a combination of gemcitabine and cisplatin for 24 hours. Then, cells were harvested and fixed with 4% formaldehyde for 15 minutes, followed by permeabilization with 90% methanol on ice for 30 minutes. Cells were stained with anti-mouse PD-L1 antibody or with the corresponding isotype control for 1 hour at room temperature and then stained with fluorescent secondary antibody for 30 minutes.
After washing, samples were applied to a FACSCalibur flow cytometer (BD Biosciences) and analyzed using CellQuest software.
Peripheral blood mononuclear cells were isolated from the blood of mice. After centrifugation at 400 g for 40 minutes at 20°C on Ficoll-Paque Plus (GE Healthcare UK Ltd), PBMC were recovered from the interface and washed with RPMI 1640, which was followed by centrifugation at 300 g for 5 minutes. PBMC were resuspended in complete culture medium at 1 × 10 6 cells/mL. Cells were labeled with a cocktail of CD11b-PE/Gr-1-APC/Ly-6G-FITC using the Mouse MDSC Flow kit (cat. 147001; BioLegend). After washing, samples were applied to a FACSCalibur flow cytometer.
| ELISA for blood cytokines
Serum was collected by allowing whole blood to clot at room temperature for 30 minutes, followed by centrifugation at 1000 g for 20 minutes at 4°C. ELISA was carried out as previously described. 27 Details of commercially available kits for TGF-β, interleukin (IL)-6, and IL-10 are listed in Table S1.
| Statistical analysis
PRISM software version 7.00 (GraphPad Software, Inc.) was used for statistical analysis, plotting the data, and creating graphs. P-value <.05 was considered statistically significant.
| RE SULTS
| Positive surgical margins are associated with local recurrence in patients with advanced BCa
Characteristics of 167 patients undergoing RC are depicted in Table S2 . During follow up, 55 (33%) of 167 patients experienced recurrence with a median time from RC to diagnosis of 7 months (IQR, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Positive RM were found in 20 patients (12%) consisting of five cases of pT3 disease and 15 pT4. Of 20 patients with positive RM, four received NAC and four received adjuvant chemotherapy after RC. Two-year recurrence-free survival rates were 20% and 76% in positive RM and negative RM groups, respectively ( Figure 1A ; HR, 5.1; 95% CI, 1.7-14.9). Moreover, 2-year CSS rates were 44% and 86% in positive RM and negative RM groups, respectively ( Figure 1B ; HR, 4.9; 95% CI, 1.5-16.5). Of 55 patients experiencing recurrence after RC, 24 (44%), 10 (18%), and 21 (38%) had LR only, synchronous LR and DM, and DM only as the first recurrent lesions, respectively.
Thirty-four patients with LR showed poorer prognosis after confirming the first recurrent disease as compared to patients with DM only ( Figure 1C ; HR, 1.8; 95% CI, 0.9-3.5). Both positive RM in the RC specimens and the development of LR negatively affected patient survival after RC. Locoregional lymph node involvement (cN+ and/ or pN+) was associated with poor prognosis (P < .001), whereas the implementation of NAC was not associated with better CSS (P = .28) ( Figure S2 ). The findings based on our clinical observation suggested that control of LR is vital to improve the survival of patients with MIBC undergoing RC.
| Immunochemotherapy of GC, anti-PD-L1 and GM-CSF exerts the best antitumor effect for subcutaneous UC tumors
Experimental design and analysis methods of the present study are depicted in Figure 2 . Representative pictures during the 2-week neoadjuvant treatment are shown in Figure 3A . Pathological examination based on H&E-stained sections showed that some resected tumors were positive for RM ( Figure 3B ). Further, there was no significant difference in the mean tumor diameter at the start of neoadjuvant therapy (defined as "day 1") among the eight groups ( Figure 3C ). However, at days 8 and 15, an apparent difference in tumor size was observed between the four groups without GC treatment and those treated with GC ( Figure 3C ). Figure showed the best performance both on antitumor effect and RM rate.
| GC chemotherapy combined with anti-PD-L1 and GM-CSF prolonged recurrence-free survival and cancer-specific survival after tumor resection
We also monitored the mice undergoing tumor resection to evaluate LR and cancer-associated death due to recurrent tumor progression.
Non-cancer-associated death such as chemotherapy-induced sideeffects was observed from the start to the end of this study. Curves for LRFS and CSS after tumor resection for the eight treatment groups were compared ( Figure 4A ). Both LRFS and CSS in the four groups treated with GC were longer as compared to those in the other four groups. Combination of GC, anti-mPD-L1, and mGM-CSF was associated with a better outcome than GC alone, GC plus anti-mPD-L1, or GC plus mGM-CSF.
Based on the comparison of survival curves, we hypothesized that the blockade of PD-L1 and the addition of GM-CSF could enhance the cytotoxic effects of GC chemotherapy and eventually decrease oncological properties such as tumor invasion and EMT. IHC staining for cleaved caspase-3, MMP-2, E-cadherin, N-cadherin, vimentin, and COL13A1 was carried out using the resected tumors to test this hypothesis ( Figure 4B and Figure S4 ). Compared with that in the untreated group (4.0 ± 1.6), the apoptotic index was higher with the combination of GC, anti-mPD-L1, and mGM-CSF (17.2 ± 5.3, not statistically significant). Furthermore, the addition of anti-mPD-L1
and mGM-CSF to GC did not significantly increase tumor cell apoptosis ( Figure 4C ). MMP-2 staining analysis showed that treatment comprising GM-CSF alone or that combined with anti-mPD-L1 led to a decrease in the invasive potential of MBT2 tumors. Moreover, the 
| Two-week chemoimmunotherapy causes immunomodulation of the tumor microenvironment in subcutaneous UC tumors
To determine whether the expression of PD-L1 was upregulated in response to stress from chemotherapeutic drugs in BC cells, we Immunomodulation by PD-L1 blockade and GM-CSF stimulation did not affect macrophages in the tumor microenvironment.
| Two-week chemoimmunotherapy affects MDSC and related cytokines
To investigate changes in tumoral and circulating MDSC in MBT2 murine tumors treated by 2-week neoadjuvant chemoimmunotherapy, we carried out dual immunofluorescence staining and FCM analysis to quantify MDSC. Detailed assessment of the tumor microenvironment showed a reduced number of infiltrating monocytic MDSC in response to GC chemotherapy ( Figure 6A ). Further, the addition of anti-mPD-L1 and mGM-CSF to chemotherapy enhanced this reduction. FCM analysis using blood samples demonstrated the upregulation of circulating MDSC in tumor-bearing mice (7.96%) compared to levels in non-tumor control mice (7.96% vs 0.72%; Figure 6B ). Similar to the results of tumoral MDSC, the number of circulating MDSC after GC chemotherapy (3.05%) was reduced, and this was enhanced by the addition of anti-mPD-L1 and mGM-CSF (0.65%). Two proinflammatory cytokines, TGF-β and IL-6, and one anti-inflammatory cytokine, IL-10, were then quantified to investigate possible interactions with MDSC. Among these three blood cytokines, only IL-6 levels were significantly decreased by the combination of GM-CSF and GC chemotherapy. This finding was compatible with the downregulation of tumor monocytic MDSC and blood MDSC ( Figure 6C ).
However, there was no significant change in tumor granulocytic MDSC, serum TGF-β, and serum IL-10 with any treatment.
| D ISCUSS I ON
The present study showed that the addition of anti-mPD-L1 and mGM-CSF to neoadjuvant GC chemotherapy enhanced the antitumor effect and reduced RM positivity (50% vs 12.5%) based on our post-resection LR model. Positive RM, especially in the soft tissue and urethra, were associated with shorter CSS as compared to that for negative RM controls. 28 Our findings suggest that potential neoadjuvant chemoimmunotherapy can change the treatment paradigm for MIBC.
Since the USA FDA approval of ipilimumab (anti-CTLA-4 antibody) for advanced malignant melanoma, 29 the expansion of ICI has brought about a drastic revolution in cancer treatment strategies.
Given the high burden of neoantigen repertoires in BCa, this cancer would be a good candidate for immunotherapy. 30 The abundance of these neoantigens is expected to boost host immune recognition and enhance responses to ICI. The best example of this is topical non-specific immunotherapy based on BCG, which is a standard treatment for bladder carcinoma in situ and an adjuvant option for high-risk non-muscle invasive BCa. We previously reported that the accumulation of immune-suppressive cells such as regulatory T cells and tumor-associated macrophages in the baseline tumor microenvironment is associated with poor response to intravesical BCG. 31 chemotherapy, other immunotherapy drugs, and radiotherapy. 33, 34 The present study is the first to investigate the potential combination of conventional chemotherapy with two different immunotherapies comprising a PD-L1 inhibitor and exogenous GM-CSF in the neoadjuvant setting of radical surgery.
Giving GM-CSF (sargramostim) and G-CSF is recommended for patients receiving strong chemotherapies to reduce the incidence and duration of deadly febrile neutropenia and infection. 35 Signaling through G-CSF and its receptor has been suggested to promote cancer angiogenesis, invasion and metastasis through b1integrin expression and immune suppression, 19, 36 whereas GM-CSF can attenuate cancer progression through the modulation of antitumor immunity in the tumor microenvironment. 15 further showed that GM-CSF could inhibit the tumor-invasive phenotype ( Figure 3C ). EMT is a multistep dynamic cellular process in which epithelial cells lose cell-cell adhesion and promote migratory and invasive features. 39 EMT and its reverse process, so called MET, play essential roles in wound healing and tissue repair. In the oncological field, aberrant activation of EMT is known to be a hallmark of cancer invasion and metastasis. One of our novel findings was that immunotherapy using GM-CSF stimulation could attenuate cancer cell EMT, in other words, promote MET.
One of the important findings of the present study is that GC systemic chemotherapy can upregulate PD-L1 expression in BCa cells both in vitro and in vivo ( Figure 5A and B) . A recent paper showed that a profile of DNA damage-associated immune responses is a strong predictor of the benefits of DNA-damaging neoadjuvant chemotherapy in a NAC setting. 40 An additional IHC analysis of resection specimens matched to patients based on gene expression showed a significant association between DNA damage-associated immune response positivity and intratumoral/stromal PD-L1 expression. This finding suggested that PD-L1 expression in the tumor environment is upregulated in tumor cells as a mechanism to resist cytotoxic stress from DNA-damaging chemotherapy. Although the timing and sequence to maximize the therapeutic effect of immunochemotherapy is still unclear, 41 the present study has proven that possible combination therapy comprising GC chemotherapy, PD-L1 blockade, and GM-CSF stimulation can exert antitumor effects on BCa.
A unique aspect of the present study includes the evaluation of a link between chemoimmunotherapy and the up/downregulation of MDSC ( Figure 6 ). Dual immunofluorescence staining and FCM analysis to quantify MDSC showed a reduction in the number of infiltrat- In conclusion, the addition of GM-CSF to neoadjuvant GC plus PD-L1 blockade decreased LR after RC by inhibiting tumor invasion and modulating antitumor immunity in the tumor microenvironment. 35, 36 Currently, GM-CSF monotherapy or that combined with other chemotherapy and immunotherapy has been tested in several clinical studies of localized, advanced, or treatment-refractory prostate cancer, malignant melanoma, and neuroblastoma, [12] [13] [14] [15] [16] [17] but not in BCa. Thus, we are on the road to optimized neoadjuvant chemoimmunotherapy for MIBC. Future clinical trials are warranted to evaluate the benefit of this novel treatment strategy.
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